Aim The aim of this study was to evaluate the diagnostic utility of high-sensitivity cardiac troponin T (hs-cTnT) levels in discriminating cardiac amyloidosis from patients with cardiac hypertrophy caused by aetiologies other than cardiac amyloidosis. Methods and results Serum hs-cTnT levels were measured in 96 patients with cardiac amyloidosis (light chain: 23, wild-type transthyretin amyloidosis: 40, and mutated transthyretin amyloidosis: 33), and 91 patients with other causes of cardiac hypertrophy who were confirmed to have no cardiac amyloidosis by endomyocardial biopsy (control group). The diagnostic utility and cut-off value of hs-cTnT were evaluated by receiver operating characteristic analysis. The median hs-cTnT levels were higher in cardiac amyloidosis than the control group [0.048 (0.029-0.073) vs. 0.016 (0.010-0.031) ng/mL; P < 0.001]. High levels of hs-cTnT were suggestive of cardiac amyloidosis (cut-off value: 0.0312 ng/mL, sensitivity: 0.74, specificity: 0.76, area under the curve: 0.788; 95% confidence interval: 0.723-0.854, P < 0.001), compared with brain natriuretic peptide and E/e 0 ratio. The hs-cTnT levels were also useful in differentiating each type of amyloidosis from the control group. Multivariate analysis identified log hs-cTnT as an independent diagnostic factor for cardiac amyloidosis (odds ratio: 2.22; 95% confidence interval: 1.30-3.80; P = 0.004). Conclusions High serum levels of hs-cTnT are highly suggestive of cardiac amyloidosis, allowing its differentiation from cardiac hypertrophy of other aetiologies. Further refined diagnostic approaches that include imaging modalities and histopathological examination are needed for these patients to avoid underdiagnosis of cardiac amyloidosis.
Introduction
Cardiac amyloidosis is a progressive and infiltrative cardiomyopathy with increased ventricular wall thickness, diastolic dysfunction, and cardiac conduction system diseases. 1, 2 There are three main types of cardiac amyloidosis: acquired monoclonal immunoglobulin light chain (AL amyloidosis); hereditary, mutated transthyretin amyloidosis (ATTRm); and wild-type transthyretin amyloidosis (ATTRwt). AA amyloidosis is a complication of chronic inflammatory conditions and still the most numerous amyloidosis in non-industrialized countries. However, clinically significant involvement of the heart is very rare. Treatment and prognosis of cardiac amyloidosis vary greatly depending on the amyloid fibril precursor. Therefore, early detection and classification are important for the selection of appropriate therapeutic strategies such as chemotherapy, liver transplantation, and novel transthyretinmodifying therapeutics. [1] [2] [3] [4] Heart failure with preserved ejection fraction (HFpEF) accounts for about half of patients with heart failure, and it is common in elderly patients with myocardial hypertrophy. 5 Cardiac amyloidosis can cause HFpEF; however, the diagnosis of cardiac amyloidosis is missed or delayed because of lack of definitive finding on electrocardiography and echocardiography. It is reported that 13% of HFpEF cases were diagnosed as ATTRwt. 6 Furthermore, several post-mortem studies found cardiac amyloid deposition in up to 25% of individuals >80 years of age. 7, 8 Therefore, it is important to suspect and differentiate cardiac amyloidosis from HFpEF of other aetiologies for the selection of appropriate therapy and prediction of prognosis.
Precise diagnosis of cardiac amyloidosis requires endomyocardial biopsy (EMB) to demonstrate diseasespecific deposition, but this procedure is relatively invasive and cannot be performed routinely in patients with cardiac hypertrophy. In fact, the need to perform EMB in patients with suspected cardiac amyloidosis decreased following the introduction of various non-invasive imaging modalities and feasibility of sampling other tissues. 9 Recent improvements in the diagnostic accuracy of cardiac magnetic resonance imaging using late gadolinium enhancement and T1 mapping, and bone scintigraphy, have contributed to the diagnosis of cardiac amyloidosis. 6, [10] [11] [12] Persistent and modest elevation of cardiac troponin level is frequently observed and reflects ongoing subclinical myocardial damage in patients with various non-ischaemic cardiomyopathies. [13] [14] [15] It has been reported that cardiac troponin levels are higher in patients with cardiac amyloidosis compared with other forms of cardiomyopathy and high levels of cardiac troponin predict poor prognosis using conventional or high sensitive assays. 6, [16] [17] [18] [19] [20] However, the utility of cardiac troponin level for the diagnosis of cardiac amyloidosis has not been fully evaluated. In the present study, we evaluated the diagnostic utility of high-sensitivity cardiac troponin T (hs-cTnT) level in discriminating cardiac amyloidosis, including the three types of cardiac amyloidosis, from patients with cardiac hypertrophy caused by aetiologies other than cardiac amyloidosis.
Methods

Study patients
The study was conducted in 96 patients with cardiac amyloidosis (test group) and 91 patients with non-cardiac amyloidosis (control group). For the test group, 101 consecutive patients diagnosed with cardiac amyloidosis between February 2010 and June 2016 at Kumamoto University Hospital and National Cerebral and Cardiovascular Center were selected. Of these, we excluded three patients for renal insufficiency (estimated glomerular filtration rate <30 mL/min/1.73 m 2 , n = 2) and missing hs-cTnT test values under stable condition (n = 1). Of the remaining 98 patients, 57 (AL: 16, ATTRmt: 35, and ATTRm: 6) underwent coronary angiography or computerized tomography coronary angiography, and two patients were found to have significant coronary artery stenosis requiring revascularization and were thus excluded from the study. For the control group, 592 consecutive patients underwent EMB for the diagnosis of cardiomyopathy between January 2014 and June 2016 at the aforementioned institution. We selected 106 consecutive patients with cardiac hypertrophy (interventricular septum ≥12 mm) of non-cardiac amyloidosis aetiology as the control group. All were confirmed to be negative for amyloid deposition in the myocardium. Genetic testing was not performed among the control group, except for the patients with Fabry disease and mitochondrial cardiomyopathy to confirm the diagnosis. Among the control group, five patients had renal insufficiency, and data on hs-cTnT level were missing in three patients with missing hs-cTnT level and were excluded from the analysis. Of the remaining 98 patients, 94 underwent coronary angiography or computerized tomography coronary angiogram, and seven patients were found to have significant coronary artery stenosis requiring revascularization. Consequently, the final study population consisted of 96 patients with cardiac amyloidosis and 91 control patients with cardiac hypertrophy of non-cardiac amyloidosis aetiology ( Figure 1 ). The study protocol was approved by the Human Ethics Review Committee of Kumamoto University and National Cerebral and Cardiovascular Center.
Diagnosis of cardiac amyloidosis
The diagnosis of amyloidosis was based on Congo red staining and apple-green birefringence examination under crosspolarized light microscopy. Cardiac amyloidosis was diagnosed by amyloid deposition in the myocardium or increased wall thickness (interventricular septum ≥12 mm) on echocardiography in the absence of any other cause of ventricular hypertrophy, providing that a histopathological diagnosis of amyloidosis has been made in at least one involved organ, such as the abdominal subcutaneous adipose tissue, skin, or gastrointestinal tract. 1 The presence of global transmural or subendocardial late gadolinium enhancement on cardiac magnetic resonance and positive finding on 99m Tc-pyrophosphate scintigraphy, if performed, added support to the diagnosis of cardiac amyloidosis. 6, [10] [11] [12] Immunohistochemistry and DNA analysis were employed to determine the subtype of cardiac amyloidosis. AL amyloidosis was confirmed by the presence of monoclonal protein in the serum or urine and/or a monoclonal population of plasma cells in the bone marrow. ATTRwt amyloidosis was diagnosed by positive immunohistochemistry for transthyretin in the absence of any transthyretin mutation at DNA analysis or elderly patients without family history of ATTRm with negative findings of AL amyloidosis, if DNA analysis was not performed. ATTRm was diagnosed based on documented transthyretin mutation at DNA analysis. 
Biomarker and imaging analysis
Blood samples were collected under clinically stable condition. Serum hs-cTnT levels were measured at diagnosis using the Elecsys 2010 Troponin T hs kit (Roche Diagnostics, Indianapolis, IN), with a lower limit of detection of 0.0005 ng/mL and a reported 99th percentile value in apparently healthy individuals of 0.0135 ng/mL with a coefficient of variation of 9%. 21 Plasma brain natriuretic peptide (BNP) levels were measured using the MI02 Shionogi BNP kit (Shionogi, Osaka, Japan). The glomerular filtration rate was calculated using the Modification of Diet in Renal Disease modified for Japanese patients.
Echocardiography was performed using commercially available ultrasound equipment. Chamber size, wall thickness, left ventricular ejection fraction (LVEF), and left ventricular (LV) mass were evaluated using standard procedures. 22 Peak early and late diastolic velocity of LV inflow (E and A velocity, respectively), deceleration time of E velocity, and peak early diastolic velocity on the septal corner of the mitral annulus (e 0 ) were measured in the apical four-chamber view,
and the E/e 0 ratio was calculated. 23 
Statistical analysis
Normally distributed parameters were expressed as mean ± SD, while data of variables with skewed distribution were expressed as medians with interquartile ranges. Differences between groups were examined by the Student's t-test or the Mann-Whitney U test for unpaired data. Categorical values were presented as numbers (percentages) and compared by the Χ 2 test or Fisher's exact test as appropriate. Receiver operating characteristic curve analysis was performed to compare the diagnostic accuracy and determine the cutoff value of hs-cTnT for the diagnosis of cardiac amyloidosis. Univariate logistic regression analysis was performed to identify significant parameters related to the diagnosis of cardiac amyloidosis. Then, multivariate logistic regression analysis was performed using the forced inclusion model that included the following parameters: age, gender, body mass index, log hs-cTnT, haemoglobin, serum sodium, E/e 0 ratio, and deceleration time. The Hosmer-Lemeshow statistic was applied to assess model calibration. The correlations between hs-cTnT levels and several parameters were evaluated using Spearman's correlation. A two-tailed value of P < 0.05 was considered statistically significant. All statistical analyses were performed with SPSS, version 19 (SPSS Inc., Chicago, IL).
Results
Diagnosis and clinical characteristics of study patients
Among 96 patients with cardiac amyloidosis, the numbers of patients with AL amyloidosis, ATTRwt, and ATTRm were 23, 40, and 33, respectively. V30M (p.V50M) was found in almost half of the ATTRm patients (n = 15: 45%). Other transthyretin mutations were found as follows: S77T: 2, G89L: 2, T60A: 2, S50I: 2, G47V: 2, T59A: 1, A45A: 1, V30A: 1, A36A: 1, T49I: 1, I107V: 1, T14C: 1, and L55P: 1. A total of 51 patients with cardiac amyloidosis (53%; AL: 13, ATTRwt: 31, and ATTRm: 7) were histopathologically found to have amyloid disposition in the myocardium. The remaining 22 patients (23%; AL: 3, ATTRwt: 9, and ATTRm: 10) had positive findings consistent with the diagnosis of cardiac amyloidosis on cardiac magnetic resonance Tc-pyrophosphate scintigraphy. DNA analysis was performed in 27 of 40 (68%) ATTRwt patients, and the findings confirmed the absence of any transthyretin mutation. Among 91 patients of the control group, hypertrophic cardiomyopathy was the most common diagnosis (n = 69: 76%), and final diagnosis was hypertensive heart disease (n = 11), severe aortic stenosis (n = 5), Fabry disease (n = 4), mitochondrial cardiomyopathy (n = 1), and dilated cardiomyopathy (n = 1).
Patient characteristics and high-sensitivity cardiac troponin T levels Table 1 lists the clinical characteristics, and Figure 2 shows the distribution of serum hs-cTnT levels for the study patients. Patients with cardiac amyloidosis were more likely to be older men, especially AL amyloidosis and ATTRwt, compared with the control group. Atrial fibrillation was more common in ATTRwt amyloidosis compared with other types of cardiac amyloidosis (P < 0.05). Serum hs-cTnT level was significantly higher in the cardiac amyloidosis group [0.048 (0.029-0.073) ng/mL] than the control group [0.016 (0.010-0.031) ng/mL; P < 0.001]. Among the three types of cardiac amyloidosis, hs-cTnT levels were highest among patients with AL amyloidosis than those with ATTRwt (P < 0.01) and ATTRm (P < 0.01). There were no differences in plasma BNP levels and renal function between patients with cardiac amyloidosis and those of the control group. However, BNP levels were significantly higher in AL amyloidosis and lower in ATTRm than the control group. Echocardiographic analysis showed increased posterior wall thickness, higher E velocity and E/e 0 ratio, and smaller LV end-diastolic dimension and A velocity in the cardiac amyloidosis group than the control group. The use of loop diuretics and aldosterone antagonists was higher and that of β-blockers was lower in cardiac amyloidosis than the control group.
Diagnostic accuracy of high-sensitivity cardiac troponin T Figure 3 and Table 2 show the receiver operator characteristic analyses of the diagnostic accuracy of cardiac amyloidosis. hs-cTnT showed the highest area under the curve (AUC: 0.788; 95% confidence interval: 0.723-0.854; P < 0.001, Figure 3A ) to differentiate cardiac amyloidosis from the control group, compared with BNP and E/e 0 ratio, with the best hs-cTnT cut-off level of 0.0312 ng/ mL (sensitivity: 0.74 and specificity: 0.76). In the same way, hs-cTnT had the highest AUC to differentiate the three types of amyloidosis from the control group. The best hs-cTnT cut-off values were 0.0440 ng/mL (AUC: 0.881, sensitivity: 0.87, and specificity: 0.84) for AL amyloidosis ( Figure 3B ), 0.0315 ng/mL (AUC: 0.820, sensitivity: 0.83, and specificity: 0.76) for ATTRwt ( Figure 3C ), and 0.0286 ng/mL (AUC: 0.686, sensitivity: 0.58, and specificity: 0.68) for ATTRm ( Figure 3D ). We used univariate and multivariate logistic regression analyses to identify the parameters associated with the diagnosis of cardiac amyloidosis. Multivariate analysis identified log serum hs-cTnT level (odds ratio: 2.22; 95% confidence interval: 1.30-3.80; P = 0.004; HosmerLemeshow Χ 2 = 6.069 and P = 0.64) as an independent and significant correlate with the diagnosis of cardiac amyloidosis ( Table 3 ). Diagnostic utility of hs-cTnT in cardiac amyloidosis 31 Correlation of serum high-sensitivity cardiac troponin T levels with other parameters Table 4 details the results of univariate linear regression analyses for hs-cTnT level in patients with cardiac amyloidosis. In this group of patients, hs-cTnT levels correlated with BNP, haemoglobin, serum sodium, estimated glomerular filtration rate, C-reactive protein, LVEF, LV mass index, and diastolic parameters of echocardiography (e.g. E/A, deceleration time, and E/e 0 ratio). Notably, BNP correlated strongly with hs-cTnT levels in each type of cardiac amyloidosis.
Discussion
The major findings of the present study were as follows: (i) serum hs-cTnT levels were significantly higher in patients with cardiac amyloidosis than those with cardiac hypertrophy free of cardiac amyloidosis.
(ii) High levels of serum hs-cTnT (hs-cTnT ≥ 0.0312 ng/mL) were highly suggestive of cardiac amyloidosis in patients with cardiac hypertrophy. (iii) Compared with BNP and E/e 0 ratio, the AUC of hs-cTnT was the best that allowed differentiation of three types of amyloidosis from the control group. Together, these findings indicate that serum hs-cTnT is a helpful biomarker to suspect and differentiate cardiac amyloidosis from cardiac hypertrophy of non-cardiac amyloidosis aetiologies. Several studies have investigated the prognostic value of cardiac troponin in cardiac amyloidosis. [17] [18] [19] [20] However, there are only a few studies that evaluated the diagnostic utility of cardiac troponin in patients suspected of cardiac amyloidosis and compared the levels between cardiac amyloidosis and cardiac hypertrophy of non-cardiac amyloidosis aetiologies. Kubo et al. 16 reported that hs-cTnT levels were significantly higher in 11 patients with infiltrative cardiomyopathy including two patients with AL amyloidosis and six with ATTRwt compared with 35 patients with hypertrophic cardiomyopathy (0.083 ± 0.057 vs. 0.027 ± 0.034 ng/mL, P < 0.001) and established the diagnostic utility of hs-cTnT in distinguishing infiltrative cardiomyopathy from LV hypertrophy. Compared with this report, our study evaluated hs-cTnT levels in a larger number of patients who were classified into three types of cardiac amyloidosis and in EMB-confirmed non-cardiac amyloidosis patients with cardiac hypertrophy. Thus, our study is the first report that highlights the diagnostic utility of serum hs-cTnT for cardiac amyloidosis in patients with cardiac hypertrophy.
The exact mechanism responsible for cardiac troponin release from the myocardium in patients with cardiac amyloidosis remains speculative. Various reasons have been proposed for the persistent hypertroponinemia, including myocardial ischaemia, increased wall stress, myocyte damage from inflammatory cytokines and/or oxidative stress, neurohormonal activation, and coronary microvascular dysfunction in heart failure. 13, 24 These potential mechanisms are enhanced in cardiac amyloidosis and boost cardiac troponin release through myocardial necrosis, apoptosis, and troponin degradation compared with non-cardiac amyloidosis.
Microvascular angina and myocardial ischaemia without overt coronary artery disease have been reported in cardiac amyloidosis. 25 Dorbala et al. 26 reported that coronary microvascular dysfunction is highly prevalent in subjects with cardiac amyloidosis even in the absence of epicardial coronary artery disease compared with patients with LV hypertrophy. The mechanisms of coronary microvascular dysfunction in cardiac amyloidosis are presumed to be due to (i) amyloid deposits in the interstitium and perivascular regions, (ii) elevated LV filling pressure, and (iii) impaired endothelial dysfunction. Amyloid deposits cause luminal stenosis and extrinsic compression of the microvasculature. Increased LV filling pressure, which causes increased wall stress due to diastolic dysfunction in cardiac amyloidosis, compresses myocardial capillaries, with subsequent decrease in their lumen. Endothelial function is impaired by microvascular toxicity induced by light chain in AL amyloidosis. 27, 28 These mechanisms cause functional myocardial ischaemia, subclinical impairment of LV systolic function, and cardiac troponin release. Additionally, it has been reported that circulating amyloid light chain seems to have a direct cardiotoxic effect causing cardiac dysfunction independent of extracellular fibril deposition. 29 This point may be the reason for the higher serum hs-cTnT levels and poor prognosis in AL amyloidosis in spite of the smaller LV hypertrophy compared with ATTR amyloidosis. 18, 30 It is reported that cardiac highsensitivity troponin I level tended to decrease after chemotherapy in patients with AL amyloidosis. 31 Therefore, disease-specific therapy could reduce cardiac troponin levels, though this needs to be confirmed by accumulation of more data. Further large studies are warranted to clarify whether disease-specific therapy can reduce myocardial damage.
What is the best diagnostic approach for cardiac amyloidosis? Electrocardiography and echocardiography are low cost and valuable tests. Low voltage, even as myocardial hypertrophy, poor R progression in the precordial leads, and pseudo-infract patterns in the electrocardiography and concentric thickening of LV wall with increased echogenicity and thickened valve leaflets in echocardiography are wellknown suspicious findings. However, these features have poor specificity and are different in each type of cardiac amyloidosis. 1, 18, 30 Immunofixation and serum-free light chains should always be measured when amyloidosis is suspected. 32 Recently, the excellent diagnostic accuracy of cardiac magnetic resonance and bone scintigraphy was confirmed in several studies. 6, [10] [11] [12] However, these modalities are expensive and available only in a limited number of institutions. In addition to the aforementioned electrocardiographic and echocardiographic findings, high serum levels of hs-cTnT should increase the likely diagnosis of cardiac amyloidosis. A more refined diagnostic approach is needed that should also include imaging modalities and histopathological examination.
This study has certain limitations. First, histopathological confirmation of amyloid deposition in the heart and DNA analysis are required for definitive diagnosis of cardiac amyloidosis. In this study, amyloid disposition in the myocardium was confirmed by histopathology in 51 (53%) patients. However, positive findings of cardiac magnetic resonance or 99m Tc-pyrophosphate scintigraphy supported the diagnosis in 22 patients (23%). Notably, all ATTRwt patients were diagnosed by EMB or imaging findings. However, the diagnosis of cardiac amyloidosis might be overestimated in patients without EMB or imaging confirmation. Second, this study included a relatively small number of patients from two centres. Further multicentre studies of larger groups are needed to confirm the present results. Third, cardiac troponin levels increase with age and are higher in men than women. A larger percentage of our patients with cardiac amyloidosis were older men compared with those of the control group. This fact could significantly interfere with the interpretation of hs-cTnT difference noted between the control and test groups. Fourth, evaluation of coronary artery disease was limited to about 58% of cardiac amyloidosis patients. Undiagnosed coronary artery disease may affect the increase in hscTnT levels in patients with cardiac amyloidosis. Finally, serum hs-cTnT levels are also influenced by various clinical factors such as renal clearance, exacerbation of heart failure, Diagnostic utility of hs-cTnT in cardiac amyloidosis and presence of coronary artery disease. 13 Therefore, we have to evaluate serum hs-cTnT levels and probability of cardiac amyloidosis in the presence or absence of these factors in mind.
Conclusions
Serum hs-cTnT levels were significantly higher in patients with cardiac amyloidosis than in those with cardiac hypertrophy free of cardiac amyloidosis. High levels of hs-cTnT enhanced differentiation of cardiac amyloidosis from cardiac hypertrophy caused by other aetiologies. Further diagnostic approaches that include cardiac magnetic resonance, bone scintigraphy, and histopathological examination are needed in these patients to avoid underdiagnosis of cardiac amyloidosis.
